We study the electrostatic and quantum transport properties of nanoscale double-gated Si-based field effect transistors within the framework of density functional theory combined with nonequilibrium Green's function approach. In our model device system, a Si slab is sandwiched between two insulator slabs and connected to two semi-infinite Si electrodes at its left and right ends. The effect of the double gates is taken into account by applying proper electrostatic boundary conditions and solving the Poisson equation self-consistently in the system. In the representation of localized SIESTA linear combination of atomic orbitals, the study is carried out with the help of Atomistix ToolKit (ATK) package together with an efficient multigrid Poisson solver. We find that the surface potential versus gate voltage curve shows similar characteristics as in conventional MOSFETs even for devices of 1 nm size, though the shape of the curve varies with the shrink of the system. In different working regimes of the devices, the electrostatic potential and the transmission spectrum are analyzed for an atomistic understanding of the device behavior.
Introduction
In the last decade, the atomistic simulation of field effective transistor (FET) has been attracting more and more interest as down-scaling of device dimensions is pushed forward quickly by the advance of semiconductor technologies. It has been shown that approaches beyond conventional simulation theory is required to accurately describe the observed behaviors of devices in nanoscale. One of the fundamental reasons is that the quantum coherent effect becomes important as the device size shrinks. The effective mass approximation and the empirical tight-binding models have been widely used for this purpose. [1] [2] [3] [4] [5] [6] Although limited by present computation capability, more sophisticated methods such as the density functional theory (DFT) 2 X. F. Wang et al. have also attracted some attention. The roughness effect of Si/SiO 2 interface and strain effect on the electron mobility of a Si metal-insulatorsemiconductor (MIS) FET has been studied by estimating the scattering rate of a single defect or impurity in first principle. 7, 8 With the help of nonequilibrium Green's function (NEGF) for evaluating the Landauer conductance, DFT has been used to study systematically the electronic properties in various silicon nanowires in the absence of gate voltage. [9] [10] [11] [12] [13] Silicon nanowire is considered as one of the most promising candidates for the next generation MISFET in nanoscale and recently double gate (DG) silicon-wire-based intrinsic FET has been fabricated with good performance. 14 Because applying a gate voltage is essential in manipulating FET functions, it is important to take the gate effect into account in the simulation of MISFETs. In the literature, the current leakage through the gate terminal of MISFETs has been evaluated based on NEGF-DFT method by treating the devices as MIS capacitors 15, 16 and the gate effect on quantum transport via a Si 4 cluster has been investigated by mimicking the gating potential as a constant shift of the electrostatic potential in the molecular region. 17 In this paper, we study the gate effect on quantum transport in the linear regime for double-gated nanoscale Si MISFETs employing the NEGF-DFT method. As we know, the threshold voltage determination is critical for MISFET simulation 18 and it is closely related to the distribution of electrostatic potential and charge transfer in devices especially in the channel under gate voltage. To accurately determine the electrostatic properties, we solve the Poisson equation self-consistently for the potential profile in the device rather than assuming a constant potential shift as usually accepted for small molecules. 17, 19, 20 With the potential profile in the device, we are able to understand in first principle the variation of the surface potential versus the gate voltage and identify the on and off regimes.
Model and Method
The two model DG MISFETs we considered in this paper have the same length of 21.72Å as schematically shown in Fig. 1 . The devices have a Si slab of 4-8 (100) monolayers in the y-z plane with the channel direction along the Si crystal [001] orientation. In the Si-H/vacuum device as illustrated in Fig. 1(a) , the 4-monolayer hydrogenated Si (Si-H) slab is the channel and the vacuum slabs of thickness 2.9Å besides it work as the insulator. The H-Si bond length is geometrically optimized and has a value of 1.49Å while the Si-Si bond length is 2.35Å. In the Si/SiO 2 device shown in Fig. 1(b) , two SiO 2 quartz crystal slabs are attached to the sides of a 8-monolayer Si slab with geometrically optimized Si/SiO 2 interfaces. 21 Further on either side of the insulator slabs a metal gate of length (along the z direction) equal to twice the Si lattice constant (10.86Å) is attached, as indicated by the thick solid bars in Fig. 1 . Note that here we insert vacuum or crystal SiO 2 layers, instead of amorphous oxide layers as in realistic MISFETs, between the gates and the Si layer as the insulator. This is one of the simplifications introduced
Atomistic Simulation of Gate Effect on Nanoscale Intrinsic SI FET 3 in this model in order to reduce the computation load. Because the electron density in a metal gate is very high and the current through the gate is negligible, the boundary conditions of the supercell or the gate electrostatic potential can be easily estimated from the gate voltage. Thus we can simplify the problem further by exclude the gate from the system. In addition, we use the same material for the source/drain electrodes and the channel to avoid the electrode-device contact effect and focus on the gate effect. 9 Our model DG MISFETs are then insulator/Si/insulator sandwich systems with known electrostatic boundary conditions and can be studied by the NEGF-DFT method in the Landauer picture. As shown in Fig. 1 , the systems are partitioned into three regions: the left electrode (L), the central region (C), and the right electrode (R).
With standard norm-conserving pseudopotentials to describe the effective interaction of the valence and core electrons, we construct a localized SIESTA linear combination of atomic orbitals (LCAO) basis set 25 as the representation for expanding the electronic wavefunctions. With the Kohn-Sham Hamiltonian, we calculate the retarded (advanced) Green's function (GF) G R(A) and the Keldysh GF G < . The density matrix ρ then reads
and the transmission T for the quantum transport via the system is given by the Fisher-Lee relation
where Γ L(R) is the broadening function of the left (right) electrode indicating the coupling strength between the electrodes and the central region. Atomistix ToolKit (ATK) 24 for two-probe systems together with a multigrid Poisson solver is used to carry out the numerical calculation. We at first apply the periodic boundary condition in the x and y directions and solve the electron density and electrostatic potential V 0 (x, y, z) at Vg = 0. Then we shift the boundary value of V 0 (x, y, z) by Vg on the gate and use the modified boundary condition to solve ρ(x, y, z) and V (x, y, z) at finite Vg. In the calculation we use the SZP real space SIESTA LCAO basis set [23] [24] [25] and the standard norm-conserving pseudo-potential from the database in ATK.
The local density approximation with the Perdew-Zunger parameterization of the correlation energy for a spin-unpolarized homogeneous electron gas is used for the exchange-correlation functional. is (1,1,100)  along (x, y, z) directions.
Results and Discussions
The characteristic curves, the surface potential Vs versus the gate voltage Vg, for the two systems are plotted in Fig. 2 . To express the Vs in our microscopic model on the same footing as its counterpart in traditional macroscopic model, we use its average over the y-z plane inside the central region on surfaces 1 and 2 of each device and measure it from its value at Vg = 0. Surface 1 (2) correspond to the upper (lower) interface separating the Si or the Si-H slab from the insulator slabs as indicated by the dashed horizontal lines in Fig. 2 .
For both positive and negative Vg, the surface potential increases linearly with it until the threshold points where Vs saturates. We observe that the threshold Vs for the Si-H/vacuum device is much bigger than that for the Si/SiO 2 device because of the wider energy gap of Si-H as shown in Fig. 3 . The threshold Vg increases with the thickness of the insulator as a result of the decrease of the capacitance between the channel and the gate. The threshold Vs, on the other hand, remain almost pinned. This is because Vs determines directly the Fermi level in the energy band of the Si layer. For a system of thicker insulator, it takes a bigger Vg difference to shift the Fermi energy from the valance to the conduction band.
To explore further the origin of the gate effect on electrostatic properties and transport in the nano-MISFETs, we calculate the transmission spectrum of electrons traveling between the electrodes. In Fig. 3(a) , the transmission of an electron propagating along the z direction is illustrated at Vg = 0 (dotted) and 4.35 V (solid) for the Si/vacuum system. Because the electron seems a perfect crystal at Vg = 0, its transmission is 100% for each channel and the transmission spectrum tells the number of propagating channels for electrons of the energy ε. The span of the zero transmission region tells the width of the energy gap. At positive Vg, a potential well (barrier) appears for electrons (holes) and the steps of the transmission spectrum at Vg = 0 are rounded off and the transmission rate of holes (ε < 0) is reduced significantly.
The transmission spectrums at Vg = 0, 4.35, and 6.52 V are plotted in Fig. 3(b) for the Si/SiO 2 system. The overall gate effect on the transmission is similar as in the previous system. The main difference appears as the narrower band gap, which results in the lower threshold Vs observed in Fig. 2 . The curve at Vg = 6.52 V shows the result in the saturation regime where the transmission becomes less sensitive to Vg.
Summary
In summary, we have carried out an atomistic multiterminal simulation for electrostatic and transport properties in two model nano-intrinsic Si MISFETs using the NEGF-DFT method. The transmission spectrum of electrons in the MISFETs is then calculated to demonstrate the gate effect on transport in the linear region. The subthreshold regime in terms of surface potential reflects the band gap of the systems. The application of a gate voltage introduces energy barriers or wells to the carriers in the transport channel and modifies the performance the MISFETs. A negative gate voltage favors the hole transport while a positive one favors the electron transport.
